Reactive astrocytes are typically studied in models that cause irreversible mechanical damage to axons, neuronal cell bodies, and glia. Here, we evaluated the response of astrocytes in the optic nerve head to a subtle injury induced by a brief, mild elevation of the intraocular pressure. Astrocytes demonstrated reactive remodeling that peaked at three days, showing hypertrophy, process retraction, and simplification of their shape. This was not accompanied by any significant changes in the gene expression profile. At no time was there discernible damage to the optic axons, as evidenced by electron microscopy and normal anterograde and retrograde transport. Remarkably, the morphological remodeling was reversible. These findings underscore the plastic nature of reactivity. They show that reactivity can resolve fully if the insult is removed, and suggest that reactivity per se is not necessarily deleterious to axons. This reaction may represent very early events in the sequence that eventually leads to glial scarring.
Introduction
T he functions, mechanisms, and appearance of reactive astrogliosis have mostly been studied in models of mechanical trauma, where the insult results in a permanent glial scar. Widely used models include spinal cord injury, optic nerve crush, and forebrain stab injury (Bush et al., 1999; Faulkner et al., 2004; Myer et al., 2006; Okada et al., 2006; Sun et al., 2010) . In these cases, the injuries are severe, irreversible, and involve direct damage to the axons, surrounding neuronal cell bodies and other glia. How do astrocytes respond to a less severe injury-one that does not overtly damage the axons?
In traumatic brain and spinal cord injury, reactive astrocytes have been reported to exert beneficial functions that ultimately minimize neuronal loss and aid functional recovery (Bush et al., 1999; Faulkner et al., 2004; Myer et al., 2006; Okada et al., 2006) . In contrast, astrocytes can also gain detrimental effects: they can release excitotoxic glutamate, proinflammatory cytokines, reactive oxygen species, and inhibitory extracellular matrix (Argaw et al., 2009; Hamby et al., 2006; Swanson et al., 2004; Takano et al., 2005; Yiu and He, 2006) . Reactive astrocytes also demonstrate a temporal difference in their response to injury. Okada et al. (2006) showed two phases: an early subacute phase that represents a time when reactive astrocytes repair tissue and restore function, and a chronic phase in which reactive astrocytes impair axonal regeneration by forming a physical and chemical barrier. In genetically manipulated astrocytes, reactivity can be induced without affecting adjacent neuronal cell bodies and microglia, but this is an artificial situation (Ortinski et al., 2010; Vazquez-Chona et al., 2011) . Thus, the reactive response is complex and not completely understood; it differs depending on the nature and severity of the injury and the different phases of the response.
Here, we examined the response of astrocytes in the optic nerve head to a moderate short-term elevation in the intraocular pressure (IOP). The duration and severity of this insult can be well controlled. The optic nerve head is a favorable location to study these events as this area contains a dense meshwork of astrocytes (50% of the tissue volume) that intimately ensheath and segregate neighboring ganglion cell axons into bundles. This region also contains no oligodendrocytes, NG2 glial cells, or neuronal cell bodies (Howell et al., 2007; May and Lütjen-Drecoll, 2002; Morcos and ChanLing, 2000; Skoff et al., 1986; Sun et al., 2009 ).
Materials and Methods

Animals
All animal procedures were approved by the Research Animal Care Committee of our institution. Mice aged six to eight weeks were housed in a 12-h light/dark cycle and received food and water ad libitum. Three mice strains were used in this study: (1) wild type C57Bl/6 (Charles River), (2) a transgenic mouse line (GFP-M) in which subsets of retinal ganglion cells and their axons express green fluorescent protein (GFP), and (3) a transgenic mouse line produced by crossing hGFAPpr-EGFP mice with C57Bl/6 mice. The GFP-M mouse line was used to trace the course of axons through the optic nerve. It was generated by oocyte injection of genes encoding for GFP under the control of a Thy1 promoter fragment (Feng et al., 2000) . Only $30 ganglion cells per retina are labeled. Astrocytes in hGFAPpr-EGFP mice express enhanced green fluorescent protein (EGFP) under the control of the human GFAP promoter. This strain was developed by injecting a 2.2 kB fragment of the human GFAP promoter fused to the EGFP gene into oocytes of FVB/N mice (Nolte et al., 2001 ). The mice show bright labeling of sporadic individual astrocytes within the central (brain, retina, and optic nerve) and peripheral nervous system. The green fluorescent cells in this mouse line do not include any neurons, oligodendrocytes, or microglia (Emsley and Macklis, 2006; Nolte et al., 2001; Sun et al., 2009 Sun et al., , 2010 . We crossed the hGFAPpr-EGFP mice with C57Bl/6 mice for six generations to remove the retinal degeneration gene inherent in the FVB/N background (assessed by histological examination), and selected for GFP positive offspring. Heterozygous mice were used for all experiments involving transgenic animals and EGFP expression was confirmed by inspecting the ears of adult animals under a dissecting microscope equipped for fluorescence microscopy.
Short-Term Elevation of Intraocular Pressure
Mice were anesthetized with an intraperitoneal injection of 100 mg/ mL ketamine and 20 mg/mL xylazine. The contralateral eye, in addition to eyes from normal C57Bl/6 mice, was used as a control. The IOP was measured before inserting and after removing the glass micropipette using a Tonolab tonometer. The measurements were taken every 15 min after the removal to monitor the recovery of the pressure. We found that the IOP recovered to pre-elevated levels within 15 min of removing the glass micropipette (i.e., the tiny puncture wound has sealed; pre-high IOP ¼ 12 6 1.06 mmHg; posthigh IOP ¼ 12 6 0.90 mmHg; Fig. 1A) .
A short-term elevation in IOP was achieved by cannulating the anterior chamber of one eye with a glass micropipette (50 lm tip) attached to a sterile saline bag (Aihara et al., 2003; John et al., 1997; Kong et al., 2009 ). The micropipette was moved into position using a micromanipulator and visualized under a dissecting scope. The height of the bag was adjusted to induce variable pressures and the relationship between the height and pressure induced was initially calibrated using a pressure transducer and sphygmomanometer. Based on other studies in the mouse, the IOP was raised to 30 mmHg for 1 h (previous studies show an increase in the range of 20-33 mmHg; Grozdanic et al., 2003; Inman et al., 2006; John et al., 1998; Libby et al., 2005; Mabuchi et al., 2004; Saleh et al., 2007) . We assessed the morphology of astrocytes and the integrity of axons within the glial lamina at various recovery intervals (3 days, 7 days, 6 weeks). Although it was not possible to measure the IOP whilst the glass micropipette was inside the eye, it is unlikely to affect the main findings of this study. The most likely error in the setup would be that the IOP was in fact lower than the intended pressure (e.g., low level blockage in the needle or tubing), in which case our results would be an unlikely outcome.
We found that 30 mmHg did not cause retinal ischemia, as assessed by the continued presence of limbal/conjunctival blood flow, a red reflex (Fig. 1B) , and a normal retinal blood vessel pattern upon tail vein injection of 3% Evan's blue (Fig. 1D-G) . Increasing the height of the saline bag to give 70 mmHg resulted in blanching of the limbal/conjunctival blood vessels, significant reduction in the red reflex (Fig. 1C) , and a complete loss of the outer retinal blood vessel pattern and many inner retinal vessels (Fig. 1H,I ). In a previous published study, electroretinogram measurement of the scotopic threshold response (both positive STR and negative STR; a measure of ganglion cell function) found that 30 mmHg was the threshold pressure at which the functional response of ganglion cells became affected (Kong et al., 2009) . Moreover, acute elevations in pressure starting from 40 mmHg for as short as 10 min induced structural deformation of the tissue surrounding the optic nerve head (Fortune et al., 2011) 
Anterograde and Retrograde Labeling
To assess anterograde transport following an elevation in IOP, an intravitreal injection of cholera toxin b (CTB, 1 lL of 1 mg/mL CTB) conjugated to Alexa Fluor-594 was given using a glass micropipette (50 lm tip). CTB is an established marker for active uptake and transport and has been successfully used to assess the retinal projection to the superior colliculus in injury (Crish et al., 2010) . For retrograde labeling, mice received bilateral injections in the superior colliculi. A small craniotomy was performed over the superior colliculi and 0.5 lL of rhodamine labeled dextran was injected using a Hamilton syringe (Jakobs et al., 2005) . The craniotomies were filled with Gelfoam and the skin was closed with surgical clips. The tracers were injected either three days (for CTB) or six days (for rhodamine dextran) prior to sacrificing the animal. For example, to assess whether anterograde transport was affected seven days after the elevation in IOP, CTB was injected at Day 4 after the cessation of the elevation and the animal sacrificed at Day 7. The retina, optic nerve, and brain were processed as described below.
Gene Expression Profiling
Six-to eight-week old C57Bl/6 male mice were used. One eye underwent an elevation in IOP (30 mmHg for 1 h and then allowed to recover for 3 days) and the contralateral eye served as a control. Three days after the operation, the mice were anesthetized by ketamine/xylazine, and euthanized immediately by decapitation. The optic nerve heads were dissected in PBS and kept in RNAlater (Ambion) at 4 C until required. Due to the small tissue size of the mouse optic nerve head (the unmyelinated region), two optic nerve heads were pooled together for each microarray chip. Total RNA was extracted using the RNeasy Plus Micro Kit (Qiagen). The integrity and concentration of the isolated total RNA was confirmed by analysis on a Bioanalyzer 2100 using PicoChips (Agilent Technologies). The RNA integrity number (RIN) for all samples was greater than 9.1. The microarray was conducted by the Dana Farber Cancer Institute Microarray Core Facility (Boston). Approximately 30 ng of total RNA from each sample was reversed transcribed and amplified using the Ovation RNA Amplification System V2 (NuGen). The amplified cDNA was biotin labeled using the Encore Biotin Module (NuGen) and hybridized to the GeneChip Mouse Genome 430A 2.0 arrays (Affymetrix; 22,600 probe sets covering 14,000 genes) in an Affymetrix hybridization oven 645. An Affymetrix GeneChip Fluidics Station 450 was used for array washing and staining. An Affymetrix GeneChip Scanner 3000 was used for array scanning and generating scan data. There were a total of 10 chips-five biological replicates for high IOP and five biological replicates for contralateral control. The microarray data were analyzed using DChip software. The intensity of each array was normalized to the median intensity of all the arrays (276) using the ''Invariant Set Normalization'' method. The expression values were calculated using the ''PM/MM difference model.'' To be included in the downstream analysis, the expression values of the probe sets had to be called ''present'' in at least three out of five control samples or three out of five experimental samples. We used two filters to select differentially expressed genes. The stringent filter was defined as greater than twofold difference (90% lower confidence bound) between the two group means, and two-tailed paired t-test P-value < 0.05. The relaxed filter was defined as greater than 1.5-fold difference between the two group means, and two-tailed paired t-test P-value < 0.05. The raw data (*.cel file) has been deposited in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/), and are accessible through the GEO Series accession number GSE40009.
FIGURE 1: Short-term elevation in IOP. A: IOP was measured before inserting and after removing the micropipette. Measurements were taken every 15 min after the removal to monitor the recovery of the IOP. The IOP recovered to pre-elevated levels within 15 min of removing the micropipette, suggesting that the puncture wound had sealed. B: The mouse eye was cannulated with a glass micropipette and when the IOP was not elevated, showed a deep red reflex and red conjunctival/limbal blood vessels (arrowheads). C: Raising the IOP to 70 mmHg resulted in a loss of the red reflex and the red conjunctival/limbal blood flow (arrowhead). At 30 mmHg, the eye appeared no different from normal (not shown). D-I: A tail vein injection of Evan's blue into the normal mouse led to labeling of the blood vessels in the outer (D) and inner (E) retina. This labeling pattern was maintained after the IOP was raised to 30 mmHg (F, G), but 70 mmHg obliterated the outer retinal (H) blood flow and only the large caliber vessels were patent in the inner retina (I). Scale bar, 100 lm. J: To quantify the change in the GFAP labeling pattern, we measured the change in the size of the process-free area using a user written Image J plug-in. The program line scans the image (J, K; the blue areas indicate the program scanning down the image) and determines the number of black pixels surrounding each single pixel. In the normal glial lamina, there are large glial tubes immunonegative for GFAP in the center (dashed ellipses). K: At three days there is a complete disorganization of the processes and it appears that they fill-in the glial tubes, resulting in very little areas immunonegative for GFAP. Scale bar, 20 lm.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Quantitative Reverse Transcriptase Polymerase Chain Reaction
Quantitative RT-PCR was used to validate the microarray results. A completely independent set of mice, of the same age and sex as those used for the microarray was used for qRT-PCR. Three biological replicates, each having three optic nerve head tissues, was used for the treated and contralateral control eye. RNA was extracted on the same day in a similar manner as described above for gene expression profiling, and underwent the same quality control. The total RNA was reverse transcribed and linearly amplified using the WT-Ovation RNA Amplification System (NuGen). qRT-PCR was performed using the Applied Biosystem StepOnePlus Real-time PCR system and SYBR Green PCR Master Mix (Applied Biosystems). Primers were designed using a web-based software (http://www.yeastgenome.org/cgi-bin/webprimer) and were purchased from Eurofins MWG Operon (Supp. Info. Table S1 ). Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as the housekeeping gene as it has no significant correlation with IOP level or optic nerve injury (Johnson et al., 2011) . qRT-PCR was followed by the generation of melting curves for the amplified products to verify amplification specificity. For each condition, each gene and GAPDH was interrogated in triplicate. All technical replicates had cycle thresholds (CT) that differed from each other by less than 1.0 CT and a CT standard deviation < 0.3. The data are presented as a fold change of expression levels between the treated versus the contralateral control eye (Table 1) .
Western Blot
Unmyelinated optic nerve head tissues were collected at three days postinjury (six nerve heads were pooled as one sample, and four samples each from control, elevated IOP and nerve crush were analyzed), homogenized, and centrifuged at 12,000 rpm for 25 min at 4 C and the supernatant retained. Total protein concentration was measured using a Nanodrop Spectrophotometer (Thermo Scientific) and ranged from 380-420 lg/mL. After matching the concentration between samples were run on 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and semi-dry transferred onto a polyvinylidene difluoride (PVDF) membrane using the iBlot 7-minute blotting system (Invitrogen). Primary antibodies used were: mouse anti-[pSer8]GFAP (1:400; Enzo LifeSciences); mouse anti-[pSer8]GFAP (1:5,000; Abcam); mouse anti-GFAP (1:10,000; Sigma); rabbit anti-GAPDH (1:1,000; Abcam). Secondary antibodies used were: IRDye 800CW-conjugated goat anti-mouse (1:5,000) and/or IRDye 680LT goat anti-rabbit (1:10,000; Licor). The membrane was scanned using the Odyssey Infrared Imaging System (Licor). In some cases, membranes were stripped in buffer containing 25 mM glycine (pH 2.0) and 1% SDS for 30 min, blocked again for 30 min, then reprobed with a different antibody. The equivalence of protein loading was verified by probing for GAPDH. The band density of proteins was quantified using ImageJ.
Tissue Preparation
To obtain the optic nerve without damage to it, the skull was opened and the brain carefully removed to reveal the underlying optic nerve and chiasm. If needed, the brain was immediately fixed in 4% paraformaldehyde overnight at 4 C. The head of the animal was fixed for 2 h at room temperature and then rinsed in 0.1 M PBS (3 Â 5 min). The orbital bones, retrobulbar tissue, and ocular muscles were removed to isolate the globe and attached optic nerve. The dura surrounding the optic nerve was delicately removed using fine scissors. These procedures have been previously described (Sun et al., 2009 (Sun et al., , 2010 . The brain was embedded in 4% agarose and sectioned at 150 lm in the coronal plane using a vibratome. The optic nerve was prepared in two different ways: (1) for frozen sections, optic nerves were cryoprotected overnight in 30% sucrose, mounted in freezing medium, sectioned at 14 lm thickness, collected on coated slides, and stored in the freezer until use, (2) optic nerves from the hGFAPpr-EGFP mouse were detached from the retina and mounted in 4% agarose such that the glial lamina was pointing upwards. Thick agarose sections (150 lm) of the optic nerve head were made using a vibratome and then mounted on a slide.
Immunohistochemistry
Frozen sections of the optic nerve were incubated in blocking solution (5% donkey serum, 0.5% Triton X-100, 0.01% NaN 3 in PBS) for 1 h at room temperature. Sections were then rinsed in 0.1 M PBS (3 Â 5 min) and incubated overnight at room temperature in primary antibodies diluted in blocking solution. The primary antibodies used were: rabbit anti-GFAP ( 
Electron Microscopy
Following enucleation, the eye was cleaned of all extraneous tissue, rinsed with PBS, then placed immediately into fixative consisting of 2.5% gluteraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer with 0.08 M CaCl 2 at 4 C. After a 15 min fixation, the eye was bisected at the limbus, the anterior segment was separated from the posterior segment and the parts to be examined were placed back in the fixative overnight. The next day, the tissue was washed in 0.1 M cacodylate buffer (3 Â 5 min) and the remaining posterior segment removed from the optic nerve. The optic nerve was postfixed for 1.5 h in 2% aqueous OsO 4 , dehydrated in graded ethanols, transitioned in propylene oxide, infiltrated with a mixture of propylene oxide and epon (Tousimis, Rockville), then embedded in 100% epon and cured for 48 h at 60 C. One micron sections were initially cut and stained with 1% toluidine blue to determine the location of the glial lamina. Once the glial lamina was reached, 70-90 nm sections were cut using an ultra-microtome equipped with a diamond knife. The sections were stained with saturated aqueous uranyl, then Sato's lead stain and examined on a Philips CM-10 electron microscope equipped with a SIA digital camera. All values represent fold change with the operated eye normalized to the contralateral control eye. Multiple values in the high IOP microarray column represent different microarray probe sets for the same gene, whereas in the high IOP qPCR column they represent different samples. At three days post high-IOP, Il10, and Il6 were below detection threshold based on qPCR measurements.
Image Collections and Analysis
Images were acquired on a Leica TCS SP2 laser scanning confocal microscope equipped with an Argon laser (488 nm) and 2 diode lasers (561, 633 nm). Water and oil immersion lenses Â20/0.70 PL APO, Â40/1.25 PL APO, Â63/1.20 PL APO (Leica) were used. Images were taken using the LCS Software and exported into Image J (National Institute of Health). All fluorescent images are maximum intensity projections (step size of 0.3-0.5 lm) and all the image panels in a single figure contain projections made from the same number of image stacks. The brightness and contrast of the final images were adjusted using Adobe Photoshop CS4; no other digital image processing was performed. Each panel in the figures represents a typical finding from four to six mice. A user written Image J plug-in was developed to measure the change in the size of the process-free area. In the glial lamina of the normal optic nerve, the GFAP labeled processes of astrocytes form glial tubes through which the axons of ganglion cells run (Fig. 1J ,K, dashed ellipses; Sun et al., 2009 ). The center of each glial tube is largely immunonegative for GFAP and thus every single black pixel within the tube is surrounded by many other black pixels. Elevating the IOP disrupts the honeycomb/glial tube architecture (Fig. 1K) , and processes of the astrocytes fill-in the glial tubes, reducing the amount of GFAP immunonegative area within the glial lamina. To quantify this effect the algorithm line-scans an image of the glial lamina and measures the number of black pixels surrounding each single pixel of the image. This is sometimes termed a ''flooding'' measurement, as though the center pixel were a point source from which fluid flows until it meets a barrier (Fig. 1J,K) . For each image, the lumen of a blood vessel was used to determine the black point and this was taken as a reference point for each image. The result of this measurement is a graph depicting the size of black area on the x-axis and the number of pixels that have a certain size of ''black area'' on the y-axis (Fig. 2D) . The size of the black area on the x-axis has been converted from a pixel count to microns squared. The data is also presented as a column graph where the largest size of the glial tube (x-intersection) is represented as a percentage of the control (Fig. 2D, inset) .
Scholl analysis was performed on a manual skeletonization of the astrocyte processes and soma. A user written plug-in for Image J was used to produce overlaying circles of increasing diameter (in 5 lm steps) out from the center of the soma of an astrocyte, after which it counted the number of intersections the astrocyte processes make with each concentric circle. A plot was then made of the number of intersections per circle against radial distance from the soma. From such Scholl plots, the maximum y-axis value represents the highest number of intersections an astrocyte makes and the x-intersection represents the spread of the astrocyte. We also measured the Schoenen Ramification Index of an astrocyte as the maximum number of crossings (maximum y-value on the Scholl plot) divided by the number of primary processes leaving the soma. This index is a measure of overall branching (Reeves et al., 2011; Schoenen, 1982) .
Statistical Analysis
We performed a t-test between the normal and each experimental group to determine significance. The mean and s.e.m. are shown. Significance was determined to occur when *P < 0.05 and **P < 0.01. For more details, see the Supporting Information Materials and Methods.
Results
Short-Term Elevation of IOP Induced Remodeling of Astrocytes Within the Glial Lamina
The normal optic nerve head of the mouse contains a specialized region called the glial lamina (70-80 lm in length, Fig.  2A , schematic inset; Howell et al., 2007; Sun et al., 2009) . Here, the GFAP labeled processes of astrocytes form glial tubes, through which bundles of ganglion cell axons pass ( Fig.  2A,A 0 , dashed ellipses). This gives the glial lamina a honeycomb appearance, with the center of each glial tube being largely immunonegative for GFAP; the long primary processes of numerous astrocytes (up to nine astrocytes; Sun et al., 2009) bundle to form the walls of each glial tube, whereas thin processes run into the center of each glial tube ( Fig. 2A 0 , arrowheads inside dashed ellipses). There was no significant change at one day post high-IOP; the first observable changes occurred at three days (Supp. Info. Fig. S2A ,A 0 ), at which time the normal organization was disrupted. There was a loss of the overall honeycomb arrangement and there were no longer large distinct glial tubes (Fig. 2B,B 0 ). The processes of the astrocytes appeared to go in all directions; the bundles of long primary processes, which once made up the wall of the glial tubes became unbundled and fill-in regions that were once immunonegative for GFAP (Fig. 2B  0 ) . This reduces the overall processfree space. The main processes were significantly thicker than normal (normal: 1.09 6 0.28 lm; three days: 1.30 6 0.24 lm; Fig. 2C ). As a control against changes in the labeling pattern depending on the phosphorylation state of GFAP (Tramontina et al., 2007) , this labeling pattern was confirmed with two other antibodies against GFAP (Supp. Info. Fig. S2B,C) .
Image analysis showed that the change in the GFAP labeling pattern was robust and reproducible. We used the change in the size of the process-free area as an indicator of the disruption in the organization of the astrocyte processes. This was quantified by a ''flooding'' algorithm, which performed a line scan of an image and measured the number of black pixels surrounding each single pixel (see Methods). At three days, the decrease in the size of the process-free area reflected a reduction in the area immunonegative for GFAP and thus a decrease in the occurrence of large glial tubes. The size of the largest process-free area was reduced from 1029 lm 2 to 343 lm 2 (34.82 6 3.40%; Fig. 2D and inset) . Surprisingly, there was no change in the gross appearance or organization of the axons. Labeling with SMI32 showed that the axons maintained their organization in bundles, despite the degradation of the glial tubes. The difference was that instead of almost exclusively encircling the axon bundles, many processes of the astrocytes now run through them (Fig. 2B 0 , inset). 
Reactive Morphological Changes of Individual Astrocytes
We used a transgenic mouse (hGFAPpr-EGFP), in which subsets of astrocytes express EGFP, to see how reactive astrocytes change their shape following the elevation in IOP.
The morphological changes were not due to cell death and there was no significant cell proliferation (assessed with TUNEL and BrdU stain; data not shown; see Supp. Info. Materials and Methods). Normal astrocytes have many long primary processes that originate as dense trunks emanating from a cytoplasmic extension of the cell body. These processes can span the entire transverse width of the optic nerve ( Fig.  3A; arrowheads), contacting blood vessels or the pial wall. They have numerous higher order branchings. Many fine processes project directly from the cell body or from the proximal portion of primary processes (Fig. 3A 0 ). These astrocytes have been described in depth previously (Sun et al., 2009) . At three days, many but not all astrocytes showed significant reactive morphological changes. Though less severe, these changes followed a similar pattern to that observed after a nerve crush (Sun et al., 2010) . The cell body and primary processes hypertrophied ( Fig. 3B ; arrowheads) and higher order branches were lost (compare the many arrows in Fig.  3A 0 with Fig. 3B  0 ) . The processes thickened by nearly twofold (three days: 2.00 6 0.46 lm; normal: 1.19 6 0.17 lm; Fig.  3C ) and there was a significant reduction in the number of processes leaving the soma (three days: 5.22 6 0.94; normal: 6.52 6 1.03; Fig. 3D ).
To further assess the morphological changes, we performed Scholl analysis and also determined the Schoenen Ramification Index for each astrocyte. At three days, Scholl analysis showed a reduction in the highest number of The cell body and processes hypertrophied (B, arrowheads) and there was a significant loss of higher order branches (the arrows in panel A 0 point to the many branches in the normal astrocyte compared to three days post-insult, B 0 ). C-D: Changes in various morphological parameters of the EGFP expressing astrocytes post-insult. N 5 5 mice per time point, with 10 astrocytes sampled per animal. Data are mean 6 s.e.m. *P < 0.05, **P < 0.01. E-F: The change in the overall branching pattern was quantified using Scholl analysis and the Schoenen Ramification Index. N 5 6 mice per time point, with three astrocytes sampled per animal. In panel F, data are mean 6 s.e.m. **P < 0.01.
intersections per radius (8, compared to 12 in normal), but there was no shift in the radial distance compared to normal, with the most branchings still occurring 25-30 lm away from the soma (Fig. 3E) . The decrease in the complexity of the branching pattern was also reflected in a significantly lower Schoenen Ramification Index of 1.58 6 0.40 (normal: 1.98 6 0.44; Fig. 3F ).
The Remodeling of Astrocytes was not Accompanied by Significant Changes in the Gene Expression Profile
To better elucidate the molecular pathways associated with the morphological remodeling, we performed a microarray analysis of the unmyelinated optic nerve head tissue. This region contains predominantly astrocytes, axons, and microglia (Howell et al., 2007; Sun et al., 2009 ). To our surprise, there was no change in the gene expression profile of the optic nerve head tissue at three days post-high IOP. This is represented in Fig. 4 , where the expression of all 22,600 probe sets is represented on a scatter plot comparing tissue from eyes that underwent an elevation in IOP versus the contralateral control eye. Of the 14,000 well-characterized mouse genes tested on the Mouse Genome 430A 2.0 array, virtually all had < 2-fold change (90% lower confidence bound, paired P value < 0.05, five biological replicates). When we used a less stringent criteria (fold change between treated and control eye of > 1.5, P < 0.05), 21 genes passed the selection filter and they are listed in Supporting Information Table 2 .
To validate the GeneChip expression profiling data, we performed qRT-PCR on a sample of markers previously found to be associated with reactive astrocytes in various models of injury, including glaucoma (Table 1; Johnson et al., 2007 Johnson et al., , 2011 Sofroniew, 2009; Zamanian et al., 2012) . We also performed a positive control experiment using an optic nerve crush as an injury (see Supp. Info. Materials and Methods). Results using qRT-PCR confirmed the expression profiling data; that most of the genes typically altered in reactive astrogliosis did not change following a mild short-term elevation in IOP, including the classic markers GFAP, vimentin, and nestin. Two genes, Il10 and Il6, were below detectable threshold, based on the microarray and qPCR analysis (Table 1 ). In contrast, three genes were highly upregulated following the nerve crush, Lcn2 (50-fold), Serpina3n (2.5-fold), and Il6 (75-fold). Induction of these genes has been highlighted as an early marker of reactive astrogliosis in different models of injury (Johnson et al., 2011; Zamanian et al., 2012) . Two genes were downregulated following the crush injury, Aqp4 (0.16-fold) and Tgfb2 (0.36-fold).
The Reactive Remodeling of Astrocytes was
Accompanied by an Increase in Total GFAP Protein As there was no significant change in gene expression, we performed Western blot analysis to assess for the post-transcriptional phosphorylation of GFAP. Using an antibody against the Serine 8 site we detected a band at approximately 40 kDa. The specificity of the antibody was assessed by pre-adsorbing the primary antibody with a blocking peptide (see Supp. Info. Materials and Methods). No band was detected when the primary antibody was omitted (data not shown) or the preadsorbed solution was applied (Supp. Info. Fig. S3A ). We further determined whether the [pSer8]GFAP antibody was detecting a phospho-protein. No band was seen when the tissue homogenate was dephosphorylated (Supp. Info. Fig. S3C ). Moreover, using a different [pSer8]GFAP antibody (from Abcam) revealed a band of the same size (Supp. Info. Fig.  S3C) . Surprisingly, we did not find any difference in the level of phosphorylated GFAP at three days post-high IOP or crush (Fig. 5) , a time when the morphological remodeling peaked. However, there was a greater than twofold increase in the level of total GFAP protein following both injuries (Fig. 5) .
The Astrocyte Reaction was not Accompanied by Axonal Damage
The glial lamina contains a dense array of astrocytes that intimately ensheath the ganglion cell axons. We wanted to determine whether the reactive morphological changes of astrocytes affect axonal integrity within this region. The gross morphology of the axons was studied using a transgenic mouse (GFP-M) in which a sparse population of ganglion cells and their FIGURE 4: The expression, on a log 2 scale, of all probe sets from the Affymetrix GeneChip Mouse Genome 430A 2.0 array represented on a scatter plot. Optic nerve head tissue from the contralateral control eye is on the x-axis and is compared to eyes that underwent an elevation in IOP on the y-axis. Each dot represents a probe set. The scatter plot demonstrates that virtually all the expression changes fall within the 2-fold cutoff (dashed lines), indicating no significant difference between the two conditions. Several genes showed a > 2-fold change (dots above and below the dashed line), but exhibited a P > 0.05. axons express GFP. At no time after the elevation in IOP was the gross morphology of axons affected (Fig. 6A-D) . The ultrastructure of the axons and ensheathing astrocytes was examined using electron microscopy, and similarly, we found no change in the morphology at any time post-insult (Fig.  6E,H) . The axons appeared the same size as normal, and they contained the usual assortment of microtubules and neurofilaments ( Fig. 6E-H, insets) . For each glial lamina, we surveyed the entire cross-section and in each animal we did not observe any areas showing significant changes in axonal morphology, as one would have expected from the widespread and obvious changes in astrocyte morphology (Figs. 2 and 3) .
Axonal transport was studied in three ways: (1) using a variety of antibodies that target proteins typically transported within the axons (mitochondria, growth factors, presynaptic vesicles, autophagosomes, and amyloid precursor protein; Fig.  7 , Supp. Info. Fig. S4 ), (2) an intra-vitreal injection of CTB was performed to examine anterograde transport (Fig. 8A-R) , and (3) an injection of rhodamine-dextran into the superior colliculus was performed to examine retrograde transport (Fig. 8S-X) . Proteins and other materials transported within an axon accumulate at sites of blockage, which when visualized using immunocytochemistry give the axon a bulbous staining pattern. Such a pattern was indeed observed for mitochondria after nerve crush (Fig. 7B, lower right inset) . We never found such a staining pattern at any time post high-IOP; labeling the optic nerve head with anti-COX IV demonstrated a global punctate labeling pattern that did not change over time (Fig.  7B-D) . Likewise, we did not observe any difference at any time post high-IOP in the labeling pattern of any of the other markers used; there was only background staining (synaptophysin, autophagy marker light chain 3, brain derived neurotrophic factor or amyloid precursor protein; Supp. Info. Fig. S4 ). There were no defects in either anterograde (Fig. 8A-R) or retrograde transport (Fig. 8S-X) at any time post high-IOP. In neither case were there any signs of accumulation of rhodamine dextran or CTB within the optic nerve head, a region that other studies of elevated IOP and glaucoma show is predisposed to transport blockage (Balaratnasingam et al., 2007; Johnson et al., 2000; Minckler et al., 1977; Quigley et al., 1981 Quigley et al., , 2000 . In addition, retrograde transport showed diffuse labeling of ganglion cells in all four quadrants of the retina (Fig. 8S,U,W) . For anterograde transport, CTB labeled the entire retinotopic projection in the superior colliculus (Fig.  8D-F ,J-L,P-R). Our method of assessing transportation did not allow us to detect very subtle changes. However, these observations indicate that despite the significant remodeling of astrocytes within the glial lamina, there was not a correspondingly significant alteration in axon transport.
Axonal degeneration can cause a loss of associated mRNAs contained within the axons (Piper and Holt, 2004; Willis et al., 2005; Zheng et al., 2001) . Confirming the absence of gross axonal degeneration, gene expression profiling demonstrated there was no significant change in various axonal mRNA levels at three days post high-IOP. These included: growth-associated protein 43 (Gap43, 0.78 fold-change), neurofilament light (0.83 fold-change), neurofilament heavy (0.95 fold-change), and microtubule-associated protein tau (Mapt, 0.95 fold-change; see Methods for access to Gene Expression Omnibus http://www.ncbi.nlm.nih.gov/geo/).
The Reactive Remodeling of Astrocytes was Reversible At seven days there was recovery in the GFAP labeling pattern. There were areas of the glial lamina in which the FIGURE 5: Western blot analysis of [pSer8]GFAP and GFAP at three days post high-IOP. Due to the very small amounts of tissue, six optic nerve heads were pooled into one sample and the analysis was repeated four times. The signal intensity was quantified and corrected against GAPDH loading controls. A: There was no significant change in the level of [pSer8]GFAP following injury (quantified in B), but total GFAP protein levels showed a greater than twofold increase (quantified in C). Data are mean 6 s.e.m. *P < 0.05. FIGURE 6: The remodeling of astrocytes was not accompanied by gross changes in the morphology or ultrastructure of the axons within the glial lamina. A-D: Using transgenic mice (GFP-M) in which subsets of ganglion cells and their axons express GFP, we did not observe any gross morphological changes in the axons at any time post high-IOP. N 5 5 mice per time point. Scale bar, 20 lm. E-F: The ultrastructure of the axons and ensheathing astrocytes (asterisks) were examined using electron microscopy. Similarly, we found no change in the morphology at any time post high-IOP. The axons appeared the same size as normal, and they contained the usual assortment of microtubules and neurofilaments. N 5 5 mice per time point. Scale bar, 2 lm.
processes of astrocytes once again formed large glial tubes (Fig. 8A) . Quantitative analysis showed an increase in the size of the process-free areas compared with three days (448 lm 2 versus 343 lm 2 ; Fig. 2D and inset ), but still a 50.89 6 5.44% reduction compared with the normal glial lamina. The processes returned to their normal thickness (0.97 6 0.13 lm; Fig. 2C ), and the axons continued to remain in their bundled organization (Fig. 9A 0 , inset). Correspondingly, the morphology of individual astrocytes appeared near normal (Fig. 9B,B 0 ). The thickness of the primary processes was not significantly different from normal (1.36 6 0.32; Fig. 3C ), and they radiated from the cell body in all directions. However, there was still a significant decrease in the complexity of the branchings (Schoenen Ramification Index 1.70 6 0.14; Fig. 3F ). Scholl analysis showed a small increase in the highest number of intersections per radius (10), compared to three days (Fig. 3E ). There was also still an absence of fine short processes.
By six weeks, there was virtually a complete recovery in the organization of the astrocyte processes, indicating a reversal of the remodeling (Fig. 9C,C 0 ). The GFAP labeling pattern returned to near normal, with the glial lamina showing an overall honeycomb architecture with large distinct glial tubes. The thick primary processes organized themselves in bundles to form the walls of the glial tubes, and those could be followed continuously for a long distance. There remained a slight reduction (17%; Fig. 2D and inset) in the processfree area, barely visible to the eye (Fig. 9C) . There was no significant difference in the thickness of the processes compared to normal (1.08 6 0.32 lm; Fig. 2C ). Throughout the six week interval they were studied, the axons continued to maintain their organization within bundles (Fig. 9C 0 , inset). The individual morphology of the astrocytes appeared normal, consistent with the GFAP labeling pattern (Fig. 9D,D 0 ). The thickness of the primary processes was not significantly different from normal (1.32 6 0.24 lm; Fig. 3C ), along with the number of primary processes leaving the soma (7.24 6 1.25; Fig. 3D ). The astrocytes also showed numerous fine processes emanating directly from the cell body. Both the Schoenen Ramification Index and Scholl analysis recovered to normal levels (Fig. 3E,F) .
Discussion
Here we demonstrate that a moderate and transient elevation in IOP is sufficient to induce significant morphological remodeling of astrocytes. This remodeling was not accompanied by overt axonal damage or significant changes in gene expression, and was reversible once the insult ceased.
After the short-term elevation in IOP, as after a nerve crush (Sun et al., 2010) , there was an initial loss of the honeycomb/glial tube architecture. The processes of the astrocytes rearrange into a new geometry such that they penetrate the axon bundles (Fig. 2) . How could this re-organization be accomplished? One strong possibility could be as such. In their normal arrangement, the processes ensheath axon bundles and form the walls of the glial tubes; they largely avoid passing through the bundles (Fig. 10A,A  0 ) . In response to stress, astrocytes react in a two-stage remodeling process, first retracting, and then re-extending their processes (Sun et al., 2010) . This is likely to be dynamic, as some of the processes of a single astrocyte retract, others re-extend. During the re-extension, rather than ensheathing the axon bundles, the processes penetrate the bundles, so that the normal honeycomb arrangement is disrupted (Fig. 10C,C  0 ). This is a necessary consequence of the observed geometries: a full-length process cannot move laterally into the axon bundles; to do so would require a breaking of either axons or the astrocyte processes. Why the re-arranged configuration would be biologically useful is unclear.
An alternative is that there is a redistribution of GFAP within the astrocytes and their processes. Injury may induce GFAP to be redistributed into the very fine processes that run into the axon bundles, but which normally do not contain enough GFAP to be detected upon fluorescent immunocytochemistry. However, this does not seem to account for the changes in shape seen when the astrocytes were visualized using EGFP expression rather than GFAP immunostaining. Counting the astrocyte processes within bundles at different times post-high IOP using an electron microscope should resolve any ambiguity.
Recovery in the overall organization of the astrocytes differed depending on the injury induced. After nerve crush, the axons degenerated and the astrocytes within the glial lamina did not regain its honeycomb organization, even after as long as six weeks (Sun et al., 2010) . In contrast, after a milder insult, the processes of astrocytes re-establish the distinctive glial tubes characteristic of the glial lamina.
FIGURE 8: The remodeling of astrocytes was not accompanied by gross changes in axonal transport. A-R: Anterograde transport was assessed via an intra-vitreal injection of CTB. In the normal retina and optic nerve, injection of CTB led to widespread labeling of ganglion cells and their axons in all four quadrants of the retina (A-B), diffuse labeling of the axons in the optic nerve (C), and the superior colliculus (D-F). We did not observe any changes in this labeling pattern at any time post high-IOP (G-R). N 5 5 mice per time point. Scale bars: (A) 100 lm; (B) 20 lm; (C) 100 lm; (D) 100 lm. S-X: Retrograde transport was assessed via an injection of rhodamine dextran into the superior colliculus. We did not observe any signs of accumulation of rhodamine dextran at any time post high-IOP. There were no blockages at the optic nerve head region (T, V, X) and ganglion cells from all four quadrants of the retina (wholemount) were labeled (S, U, W). N 5 5 mice per time point. Anti-neurofilament (axons were labeled with SMI32), green; rhodamine dextran (ganglion cells and axons), red. Scale bars, 100 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Mechanistically, the axon bundles could send a signal that guides the astrocyte processes to form the characteristic honeycomb arrangement. Alternatively, the astrocytes could contain an intrinsic signal that determines their honeycomb structure, which then actively channels the axons into bundles. Since no honeycomb structure was formed in the absence of axons, the first interpretation seems more likely. At the least, some sort of astrocyte-axon interaction is required. Surprisingly, we did not detect significant changes in the gene expression profile of astrocytes at a time when the morphological remodeling peaked. In particular, there was no up or downregulation of genes typically altered during injury or disease, such as those related to intermediate filaments, extracellular matrix components, inflammation/immune response, cell division, or the complement cascade (Howell et al., 2011; Johnson et al., 2007 Johnson et al., , 2011 Zamanian et al., 2012) . Because the tissue samples included microglia, they also did not show significant changes in gene expression. Other models of injury/disease, including glaucoma (e.g., DBA/2J, elevated IOP for long periods) and our present results of optic nerve crush demonstrated significant changes in many astrocyte genes as early as three days after the insult (Howell et al., 2011; Johnson et al., 2007 Johnson et al., , 2011 Zamanian et al., 2012) . Zamanian et al. (2012) found two genes that were highly upregulated in both middle cerebral artery occlusion and lipopolysaccharide (LPS) induced neuroinflammation that could potentially act as early markers of reactive astrogliosis: Lcn2 and Serpina3n. Other highly upregulated injury specific genes were, for artery occlusion: Ptx3, Tnfrsf12a, and S1pr3; LPS: H2-D1 and SerpinG1. Consistent with this, our nerve crush produced significant changes in Lcn2, Serpina3n, and Il6. The fact that we didn't observe any change after the elevation in IOP likely reflects the early, subtle nature of our injury. Elevating the IOP to a higher level and/or for a longer duration may likely induce changes in gene expression. Moreover, the mild nature of our injury could have induced changes in individual astrocytes that were masked by the population response.
As there were no changes in the GFAP mRNA expression, we hypothesized that post-transcriptional phosphorylation would play a role in the remodeling. When specific amino acids within the head domain of GFAP are phosphorylated, filaments disassemble into a soluble form. Dephosphorylation restores its ability to polymerize (Inagaki et al., 1990) . Studies in the brain have shown increases in phosphorylation (at various sites) following ischemic injury (Sullivan et al., 2012; Takemura et al., 2002; Valentim et al., 1999) . In our study, it was surprising that there were no changes in the level of phosphorylation post high-IOP or post-crush.
GFAP can be phosphorylated at several sites, including Ser8, 13, 14, 34, 38, and Thr7 (Inagaki et al., 1996; Tsujimura et al., 1994) . Some of these other sites may have been At seven days post high-IOP, there was recovery in the GFAP labeling pattern. There were areas of the glial lamina in which the processes of astrocytes once again formed glial tubes. Quantitative analysis showed an increase in the size of the process-free area compared with three days (see Fig. 2D ). Additionally, the axons continued to remain organized in bundles (A 0 , inset). Scale bars, 20 lm. B-B 0 : The morphology of individual astrocytes at seven days appeared near normal. The thickness of the primary processes was not significantly different from normal; however there was still a significant decrease in the complexity of the branchings. Scale bars, 20 lm. C-C 0 : By six weeks, the GFAP labeling pattern appeared normal; there was the regular honeycomb arrangement with large distinct glial tubes. D-D 0 : Individual astrocytes showed numerous fine processes emanating from the cell body and the complexity of the branchings returned to normal. For a quantitative analysis, see Fig. 3C-F. phosphorylated or dephosphorylated and were not detected by our [pSer8]GFAP antibody. Moreover, these various sites can be phosphorylated at different times post-injury (Sullivan et al., 2012) . Additionally, other structural proteins may be involved or be even more important than GFAP in the remodeling, and which were not examined, such as actin, tubulin, vimentin, or nestin.
We observed an increase in the total GFAP protein levels post high-IOP, despite there being no change in the mRNA level. Using a series of substitution mutant mice in which phosphorylation sites were replaced by Ala, Takemura et al. (2002) showed that the role of phosphorylation in the turnover of GFAP is complex, and each of the different phosphorylation sites has a distinct impact on the dynamics of GFAP, e.g., degradation, filament formation, and maybe even intracellular transport. For example, there was a severe reduction in GFAP immunoreactivity, indicating poor filament formation, and in the amounts of GFAP protein in the brains of the GFAP hm3/hm3 mice (substitutions in five sites), but there was no change in the mRNA expression levels. They suggested either the slowing of translation and/or accelerating degradation might lead to a decrease in the amounts of GFAP protein. In contrast, GFAP hm1/hm1 mice, which have substitutions in Th7, Ser13, and Ser38 show a decrease in the amounts of GFAP protein, but have unaltered immunoreactivity in histochemistry. GFAP hm2/hm2 mice, which carry FIGURE 10: A, A 0 : The processes of astrocytes normally ensheath the axon bundles and largely avoid passing through them. B: Soon after injury, the primary processes thicken and many distal processes retract (arrows). C, C 0 : Astrocytes quickly re-extend their processes, but they now cross the axon bundles. When the whole population of astrocytes is viewed, this creates the ''unbundled'' appearance in which the honeycomb structure of the astrocyte population is diminished (see Fig. 2B ,B 0 ).
substitutions at Ser13, Ser17, and Ser38, did not show significant decreases in the amount of GFAP protein but did show abnormalities in immunohistochemistry. The discrepancy we observed between the mRNA and protein levels of GFAP at three days post high-IOP may be due to the slower degradation rate, resulting in a buildup of the insoluble form. The increase in GFAP protein is consistent with the longstanding observation that reactive astrocytes increase their immunocytochemical expression of GFAP, particularly seen in the brain. Within the optic nerve head, immunocytochemistry has repeatedly shown high levels of GFAP normally, and after injury it has been difficult to detect an obvious increase in GFAP levels, even though the protein levels increase, as shown here.
The reactive response in our experiments gave no evidence of being associated with gross damage to the axons, or being synonymous with scar formation. The reactive process itself was not necessarily detrimental to axons, and other cues may be required (e.g., from neurons or microglia) to result in a reactivity that is long lasting. The astrocytic response is highly plastic and complex; our results show that once an astrocyte becomes reactive, it does not necessarily undergo an irreversible cascade of events that lead to the formation of a glial scar. For an astrocyte to pass the point of no return, it may require significant changes in the gene expression (e.g., as occurs following a severe injury). In models of brain and spinal cord trauma, studies suggests that mild to moderate forms of reactive astrogliosis have the potential for resolution if the triggering mechanism has resolved. More extreme activation of astrocytes, such as in overt tissue damage or inflammation results in reactive astrocytes forming a scar that is long lasting (reviewed in Sofroniew, 2009; Sun and Jakobs, 2012) . Myer et al. (2006) showed that cortical astrocytes could maintain high levels of GFAP for as long as 28 days post injury while the surrounding neuronal cytoarchitecture remains preserved, as assessed by NeuN staining. VazquezChona et al. (2011) demonstrated that genetic inactivation of p27 could induce Müller glial cells to proliferate, migrate, increase their GFAP expression, but surprisingly, these changes had no affect on metabolic support, retinal electrophysiology, and visual acuity. Ortinski et al. (2010) found that a high-titer viral transduction of eGFP into astrocytes led to selective astrocyte reactivity in the absence of alterations in adjacent neurons and microglia.
Reactive astrocytes are attributed to having both beneficial and detrimental effects, which can depend on the time post-insult (Okada et al., 2006; Sofroniew, 2009) . Gene expression profiling has demonstrated subtypes of reactive astrocytes (Zamanian et al., 2012) . Not only did astrocytes respond differently following different injury stimuli, but also its response to the same inducing stimuli (e.g., neighboring astrocytes can differ in reactivity). It was found that reactive astrocytes in ischemia exhibited a molecular phenotype that suggests they may be beneficial or protective, whereas reactive astrocytes induced by LPS exhibited a phenotype that suggests they may be detrimental. Our results can be interpreted in support of the idea that astrocytes play an initially protective role-they become reactive in order to support the survival of axons. In the extreme, it is possible that the reason there was no observable damage to the axons is that astrocytes were successful in their protective efforts. What is the signal that triggers astrocytes to become reactive? The astrocytes could respond directly to the pressure (Hernandez et al., 2008) . Neary et al. (2003) demonstrated that sub-lethal stretch injury of astrocytes in vitro releases ATP, which in turn induces local astrocyte reactivity via extracellular signaling mechanisms. Alternatively, the increase in IOP could cause a sub-threshold insult to the axons (Buckingham et al., 2008; Quigley, 1999 Quigley, , 2011 , which then send to the astrocytes a signal indicating that this is occurring-a distress signal. ATP has been suggested as one such signaling molecule; it can be released from axons of the white matter (Fields and Ni, 2010; Fields and Stevens, 2000; Hamilton et al., 2008; Neary et al., 2003) . These signaling mechanisms would be important questions for future work.
